Abstract: The dynamical responses of XY ferromagnet driven by linearly polarised propagating and standing magnetic field wave have been studied by Monte Carlo simulation in three dimensions. In the case of propagating magnetic field wave (with specified amplitude, frequency and the wavelength), the low temperature dynamical mode is a propagating spin wave and the system becomes structureless or random in the high temperature. A dynamical symmetry breaking phase transition is observed at a finite (nonzero) temperature. This symmetry breaking is confirmed by studying the statistical distribution of the angle of the spin vector. The dynamic nonequilibrium transition temperature was found to decrease as the amplitude of the propagating magnetic field wave increases. A comprehensive phase boundary is drawn in the plane formed by temperature and amplitude of propagating field wave. The phase boundary was observed to shrink (in the low temperature side) for longer wavelength of the propagating magnetic wave. In the case of standing magnetic field wave, the low temperature excitation is a standing spin wave which becomes structureless (or random) in the high temperature. Here also, like the case of propagating magnetic wave, a dynamical symmetry breaking nonequilibrium phase transition was observed. A comprehensive phase boundary is drawn. Unlike the case of propagating magnetic wave, the phase boundary does not show any systematic variation with the wavelength of the standing magnetic field wave. In the limit of vanishingly small amplitude of the field, the phase boundaries approach the recent Monte Carlo estimate of equilibrium transition temperature.
anisotropic XY ferromagnet driven by oscillating (in time but uniform over space) magnetic field was studied [25] . However, as far as the knowledge of this author is concerned, the nonequilibrium responses of XY ferromagnet to a magnetic field having both spatio-temporal variation, has not been studied so far.
In this paper, the nonequilibrium phase transition in XY ferromagnet, driven by propagating and standing magnetic field wave is studied by Monte Carlo simulation in three dimensions. The paper is organised as follows: Section-II describes the model and the Monte Carlo simulation method, the numerical results (with diagrams) are reported in section-III and the paper ends with a summary in section-IV.
II. Model and simulation
The time dependent Hamiltonian of XY ferromagnet driven by a field having the spatiotemporal variation is expressed as H(t) = −J cos(θ(x, y, z) − θ(x ′ , y ′ , z ′ )) − h(x, y, z, t)cos(θ(x, y, z))
First term represents the interaction between spins at site x,y,z with its neighbouring (nearest) site x', y', z'. The x and y component of spin vector is represented by s x and s y respectively and s = s 2 x + s 2 y = 1 here. The Spatio-temporal variations of the driving magnetic field have both (i) propagating wave form h(x, y, z, t) = Hcos[2π(f t − z/λ)] and (ii) standing wave form h(x, y, z, t) = Hsin(2πf t)sin(2πz/λ). The magnetic field wave propagates (or extends) along the z-direction and the field oscillates along the x-direction. The magnetic field wave is linearly (along x direction) polarised. J is the ferromagnetic (J > 0) interaction strength. The magnitude of the field (h(x, y, z, t)) is measured in the unit of J. A cubic lattice of size L (=20 here) is considered. It may be noted here that the dimensions of the system (lattice) are three (cubic) and the dimensions of the spin vector are two (XY model). The boundary conditions are taken as periodic in all three directions of the lattice.
The simulation starts from a random initial spin configuration corresponding to a very high temperature phase. At any finite temperature T (measured in the unit of J/k, where k is Boltzmann constant), a site (say x,y,z) is chosen randomly having an initial spin configuration (represented by an angle θ i (x, y, z)). A new configuration of the spin (at site x,y,z) is also chosen (represented by θ f (x, y, z)) randomly. The change in energy (δH(t)) due to the change in configuration (angle) of spin (from θ i (x, y, z) to θ f (x, y, z)) is calculated from equation (1) . The probability of accepting the new configuration is calculated from the Metropolis formula [26] 
An uniformly distributed random number (r = [0, 1]) is chosen. The chosen site is assigned to the new spin configuration (θ f (x, y, z)) if r ≤ P f . In this way, L 3 number of sites are updated randomly. L 3 number of such random updates defines a unit time step and is called Monte Carlo step per site (MCSS). The time in this simulation is measured in the unit of MCSS. Throughout the study the system size L(= 20) and frequency f (= 0.01) of the magnetic field wave are kept fixed. The total length of simulation is 1.5 × 10 5 MCSS, out of which initial 0.5 × 10 5 MCSS times are discarded. All statistical quantities are calculated over rest 10 5 MCSS.
The instantaneous components of magnetisations are
sin(θ(x, y, z). The time averaged magnetisations components over a full cycle (in time) of the magnetic field wave are defined as, Qx = f M x(t)dt and Qy = f M y(t)dt. Since the frequency f is taken equal to 0.01, 100 MCSS are required to have a complete cycle of the magnetic field wave. In 10 5 MCSS, 1000 such cycles are present. The Qx and Qy are calculated as the average over 1000 cycles. The variances of Qx and Qy are defined as V ar(Qx) = L 3 (< Qx 2 > − < Qx > 2 ) and V ar(Qy) = L 3 (< Qy 2 > − < Qy > 2 ). The time averaged energy over the full cycles of the magnetic field wave is E = f H(t)dt and the dynamic specific heat is defined as C = dE dT .
III. Results:
(a) Propagating wave:
The dynamical responses of the three dimensional XY ferromagnet driven by linearly polarised propagating magnetic field wave (described above) are studied. Starting from a random initial spin configuration the system is slowly (in the step ∆T = 0.02) cooled down to achieve a nonequilibrium steady state. Depending on the values of T and H two distinct dynamical phases are observed. In the low temperature, the coherent motion of bands of spins oriented along a particular directions (on average), is found. One such motion of spin bands are depicted in Fig. 1 . The spin configuration of a XZ plane (Y=10) is shown here. In the figure, the x-component of the spin lies along the horizontal axis and y-component of the spin lies on the vertical axis. Fig-1(a) and Fig-1(b) show the configurations (for T=0.4 and H=3.0) of spins at two different instants (1900 and 1930 MCSS) and the propagating modes of spin bands along the direction (upward) of propagation of magnetic wave is clear. This is propagating spin wave modes observed in XY ferromagnet driven by linearly polarised (along horizontal direction) magnetic wave. It may be noted here that magnetic wave propagates along the vertical direction and the y-component of spin is shown along the same direction. The lattice has dimensionality three (cubic system) whereas the spin has dimensionality two (XY model). This is the only way one can show the spin configuration of XZ plane in two dimensions. The low temperature spin configurations show that the x-component of spin is nearly zero, on an average. This is due to the response to the linearly (along x-direction) polarised propagating magnetic field wave. However, the y-component (on average) of the spin is nonzero. On the other hand, the high temperature (T = 2.6) spin configuration (at instant t = 2000) is completely random (or structureless) and has been shown in Fig-1(c) . In this case, both x and y components of the spins are zero separately, on an average.
The propagating mode can also be visualised in the another way. The wave is propagating along the z direction. The y component of instantaneous planar magnetisation of any k-th XY plane is calculated as
s y , where the sum is carried over all lattice sites of k-th XY plane. The planar magnetisation (y-component) is plotted against k for two different times and shown in Fig-2 . From the figure the propagating mode is evident.
The dynamically stable spin structures in the low temperature of the system in response to the propagating magnetic field wave is also observed from the study of the statistical distribution of angles (of the spin). The angle φ = tan −1 ( The components (Mx(t) and My(t)) of instantaneous magnetisation are studied as functions of time and shown in Fig. 4 . The x-component of instantaneous magnetisation Mx(t) is close to zero (apart from minor fluctuations) in the low temperature (T=0.4). However, the y-component of this, shows a nonzero value (with some fluctuations). On the other hand, in the high temperature (T=2.6) both vanish (fluctuate around zero). The system undergoes a partial breaking of dynamical symmetry (My(t) only) as it cooled down from high temperature. The low temperature partially dynamic symmetry broken phase is also evident from the distribution of angles discussed above.
From the usual definition of dynamic order parameter Qx and Qy, it is clear that as the system is cooled down, Qy gets a nonzero value (corresponding to dynamically symmetry broken phase) from Qy=0 (corresponding to dynamically symmetric phase). It is needless to say that Qx=0 always. Fig. 5(a) shows the variation of Qy as a function of temperature. There exists a critical temperature, below which Qy = 0, is so called dynamic transition temperature. This dynamic transition temperature is found to decrease as the amplitude (H) of the propagating field increases. The variance of Qy, i.e., Var(Qy) is found to become sharply peaked at the transition point ( Fig. 5(b) ). From this diagram, the dynamic transition temperature, is determined and found to decrease as the amplitude of the field (H) is increases. Interestingly, the dynamic transition point is also indicated by the maxima of the dynamic specific heat C studied as function of temperature T (Fig. 5(c) ).
The dynamic transition temperatures are found to vary with wavelength of the propagating magnetic wave (for fixed value of amplitude). This is shown in Fig. 6 . The dynamic order parameter Qy and its variance Var(Qy) are studied as functions of temperature (T) for a two different values (λ = 20 and 5) of wavelength of the propagating magnetic field wave (but with fixed amplitude H=2.0). From the figure it is clear that, the system transits (order -disorder) at lower temperature (fixed H) for longer waves of propagating magnetic field.
The dependences of the dynamic transition temperature, on the field amplitude and the wavelength of the propagating magnetic field wave, have been represented in a comprehensive manner in the phase diagram shown in Fig. 7 . The phase boundaries are obtained for three different values of the wavelength (λ = 20, 10 and 5) of the propagating magnetic wave. The phase boundary is found to shrink (towards low temperature and low field) inward for longer waves of the propagating field.
(b) Standing wave:
Now let us see what happens to the XY ferromagnet if it is driven by standing magnetic field wave. The standing magnetic field wave is extended along the z axis and the polarisation of the field is linear (along the x axis). Here also, two distinct dynamical modes are observed depending upon the values of T and H. For a fixed value of H = 3.0 the low temperature (T = 0.4) and high temperature (T = 2.6) spin configurations of any XZ plane (Y=10 here) are shown in Fig-8 . In the low temperature, the standing spin wave modes are observed and shown in Fig-8 . Unlike the case of propagating spin wave modes, here the spin bands are formed but not changing their positions in time. Fig-8(a) and Fig-8(b) shows the spin configurations for two different instants (t = 1900 and t = 1930 MCSS). The spin bands are found not to change their positions in time. However, in the high temperature, the structureless or random spin configration was observed (shown in Fig-8(c) ).
The standing mode of driven spin wave in XY ferromagnet, can also be visualised in a different way. The y component of planar magnetisation P M y(k) of k-th XY plane are plotted against k and shown in Fig-9 for two different times. From the diagram, it is clear that the profiles (P M y(k) versus k) do not change their relative positions in time (unlike the case of propagating mode shown in Fig-2) .
The existence of the low temperature ordered (or structured) standing spin wave mode and the high temperature disordered (or structureless) dynamical states can be realised through the statistical distributions of the angles of the spins. The statistical distribution of the angle (of spin vector) φ is studied and shown in Fig-10 . The low temperature unnormalised distribution is shown in Fig-10(a) . Here, the distribution is tetramodal (having four maxima). The angle φ takes mostly four values: they are φ = 0, φ ≃ π, φ ≃ 2π and φ ≃ 3π 2 . It may be noted that, there was no peak in the distribution of φ, near 3π 2 , in the case of propagating wave (compare with Fig-3(a) ). The angle φ dislikes to accept any value near π 2 . This peculiar kind of distribution of angle φ leads to net (nonzero) y component of magnetisation. The x component of magnetisation is zero on an average. This is characterised as dynamically ordered phase. On the other hand, the high temperature distribution of angle φ (shown in Fig-10(b) ) is almost symmetric and trimodal (having three maxima) around φ = 0, φ ≃ π and φ ≃ 2π. Needless to mention that this would lead to a vanishing net y component of magnetisation. The net x component of magnetisation is zero. This state is characterised as dynamically disordered phase. Like the case of propagating wave (already mentioned above), the ordered phase is a symmetry broken phase and the disordered one is symmetric (in all directions) phase. The partial (in y component only) symmetry broken is observed in the case of standing wave mode.
The dynamical symmetry breaking is clearly visible in the study of the time dependences of the components of magnetisation. The instantaneous components (M x(t) and M y(t)) of magnetisation are studied as a function of time and shown in Fig-11 . The high temperature (T = 2.6) study (in Fig-11(a) ) shows the existence of a dynamically symmetric phase where both M x(t) and M y(t) varies almost symmetrically around zero line. On the other hand, the low temperature (T = 0.4) phase is a partially (through y component only) broken symmetric one (Fig-11(b) ). In this case, only the y component M y(t) varies asymmetrically (about zero line). So, a symmetry breaking dynamic (or nonequilibrium) transition is expected in the driven (by standing magnetic wave) XY ferromagnet. It may be noted that in both phases, the time average x component of magnetisation over the full cycle of the standing magnetic wave is zero.
To study the symmetry breaking dynamic phase transition in driven XY ferromagnet, the temperature dependences of Qy, V ar(Qy) and C are studied and shown in Fig-12 . For a fixed value of H, the Qy takes a nonzero value near a transition temperature as the system is cooled down from a high temperature. This transition temperature is found to decrease as the value of H is increased. This is shown in Fig-12(a) . The V ar(Qy) and C show sharp peaks near the transition temperatures. They are shown in Fig-12(b) and Fig-12(c) . The peaks determine the transition temperatures. From all these studies it is clear that the transitions occur at lower temperatures for higher values of the field amplitudes (H).
Obtaining the values of dynamic transition temperatures from the peak positions of V ar(Qy) and C for different values of the amplitudes (H) the comprehensive phase diagrams are obtained and shown in Fig-13 . Here also, the phase boundaries are drawn for three different (λ = 20, 10 and 5) values of the wavelength of standing magnetic field wave. Unlike the case of propagating wave, the phase boundaries do not show any systematic variation with the wavelength of the standing magnetic wave, observed in this simulational study.
IV. Summary
The dynamical (or nonequilibrium) responses of classical XY ferromagnet driven by linearly polarised propagating and standing magnetic field wave have been investigated by Monte Carlo simulation using Metropolis algorithm in three dimensions. The system is a simple cube of length of each side L having periodic boundary condition in all three directions.
In the case of propagating magnetic field wave, with specified amplitude, frequency and the wavelength, the system shows various dynamical responses depending on the temperature. In the low temperature, the nonequilibrium steady state is dynamically structured. The coherent motion of the spin bands (or spin wave) was observed along the direction of the propagating magnetic field wave. In this phase, a nonzero net y component of magnetisation was observed with vanishing average x component. The y component varies asymmetrically (about zero) with time. The time averaged y component of the magnetisation over the full cycle of the propagating field wave (i.e., the y component of dynamic order parameter) is nonzero. On the other hand, the high temperature, dynamical state is structureless or randomly oritented. As a result both x and y components of the time averaged magnetisations, over the full cycle of the propagating magnetic wave, vanish. Both x and y component of the magnetisation varies symmetrically (about zero) with time. A partially (in y component only) symmetry breaking dynamic nonequilibrium phase transition was observed at any finite temperature. This symmetry breaking was observed independently from the distribution of the angles of the spin vectors. This transition temperature was found from the temperature dependences of dynamic order parameter, its variance and the dynamic specific heat. The dynamic transition was found to occur at lower temperature with higher values of the amplitude of the propagating field. A comprehensive nonequilibrium phase boundary was drawn in the plane formed by the temperature and amplitude of the propagating field wave. The phase boundary approaches the low temperature region for longer wavelength of the propagating magnetic field wave. A remarkable and interesting difference in the nonequilibrium phases, with that observed in the discrete spin models (Ising, Blume-Capel etc) [9, 12] , is the absence of any pinned (or spin frozen) phase in the low temperaure. The continuous spin models (like classical XY etc.) does not require any threshold field to change the state of individual spin which is essential for discrete spin systems. The phase boundaries were observed to approach the equilibrium critical temperature (around 2.20J/k) for vanishingly small field [29] .
In the case of standing magnetic field wave, the low temperature nonequilibrium phase is a standing spin wave. Here also the symmetry breaking nonequilibrium phase transition was observed. The dynamic phase boundary was drawn. Unlike the case of propagating magnetic wave, here the phase boundary does not show any significant dependence on the wavelength of the standing magnetic field wave. However, like the case of propagating wave, the dynamic critical temperature was observed to approach the equilibrium value [29] in the limit of vanishingly small field amplitude.
The dynamic phase transition is generally associated to the competetion between the intrinsic time scale of the system (relaxation time) and the time scale (time period) of the external driving field (here, the propagating or standing wave). The reduction of dynamic transition temperature with the amplitude of the field is a result of the fact that the response time decreases with increasing the field amplitude.
This study is an appeal to the experimentalists to see the effect of spin dynamics in the ferromagnetic polycrystals like Fe[Se 2 CN(C 2 H 5 ) 2 ] 2 Cl and Zn[S 2 CN(C 2 H 5 ) 2 ] 2 which can be modelled by site diluted classical XY system [27] with superexchange interactions. In the field of spintronix [28] it is also important to know the response and thermodynamical behaviours of ferromagnetic systems driven by intense optical perturbations. 
